Activation of the inhibitor of NF-κB kinase/NF-κB (IKK/NF-κB) system and expression of proinflammatory mediators are major events in acute pancreatitis. However, the in vivo consequences of IKK activation on the onset and progression of acute pancreatitis remain unclear. Therefore, we modulated IKK activity conditionally in pancreatic acinar cells. Transgenic mice expressing the reverse tetracycline-responsive transactivator (rtTA) gene under the control of the rat elastase promoter were generated to mediate acinar cell-specific expression of IKK2 alleles. Expression of dominant-negative IKK2 ameliorated cerulein-induced pancreatitis but did not affect activation of trypsin, an initial event in experimental pancreatitis. Notably, expression of constitutively active IKK2 was sufficient to induce acute pancreatitis. This acinar cell-specific phenotype included edema, cellular infiltrates, necrosis, and elevation of serum lipase levels as well as pancreatic fibrosis. IKK2 activation caused increased expression of known NF-κB target genes, including mediators of the inflammatory response such as TNF-α and ICAM-1. Indeed, inhibition of TNF-α activity identified this cytokine as an important effector of IKK2-induced pancreatitis. Our data identify the IKK/NF-κB pathway in acinar cells as being key to the development of experimental pancreatitis and the major factor in the inflammatory response typical of this disease.
Introduction
The NF-κB transcription factors play a prominent role in controlling the integration of innate immunity into the inflammatory response and adaptive immunity. The activation and nuclear translocation of NF-κB induces the expression of a diverse range of proinflammatory genes, including chemokines, cytokines, and cell adhesion molecules, all necessary for an effective defense response to infectious agents. However, failure to terminate or resolve the inflammatory response has detrimental consequences for the organism. As NF-κB is one of the main transcriptional regulators of inflammation, pathological activation of NF-κB is often associated with chronic inflammatory diseases like rheumatoid arthritis, inflammatory bowel disease, asthma, and multiple sclerosis (1) (2) (3) .
NF-κB represents a family of homodimeric and heterodimeric transcription factors composed of 5 members, namely p50, p52, RelA/p65, RelB, and c-Rel. NF-κB is activated by a large number of inducers, including factors critically involved in the inflammatory response such as TNF-α, IL-1β, and microbial products. These factors activate the TNF, IL-1, Nod-like, and Toll-like receptor systems and thereby initiate signaling cascades that converge on the classical NF-κB pathway. This induces the nuclear translocation of NF-κB dimers typically composed of p50 and RelA/p65. The pivotal regulatory step in this pathway is the signal-induced phosphorylation of inhibitor of NF-κB (IκB) proteins, which are mediated by the IκB kinase (IKK) complex. In unstimulated cells, IκB proteins interact with the NF-κB proteins and inhibit their nuclear translocation and DNA binding. The IKK complex is composed of at least 3 distinct polypeptides: the scaffold and regulatory component NF-κB essential modulator (NEMO; also referred to as IKKγ) and 2 catalytic subunits, IKK1 and IKK2. Both IKK1 and IKK2 can phosphorylate IκB proteins in vitro. However, a genetic study has shown that in the classical pathway in particular, NEMO and IKK2 are important for the phosphorylation of NF-κB-bound IκB proteins (1) . Phosphorylated IκB proteins are subsequently ubiquitinated and degraded by the proteasome. Consequently, NF-κB dimers are released from their inactive cytosolic state, enter the nucleus, and induce transcription of target genes (4) .
Proinflammatory target genes include TNFA, IL1B, IL6, INOS, COX2, and ICAM1. These proteins induce a positive feedback loop potentiating and perpetuating the inflammatory response. This could be one of the reasons for the development of chronic inflammatory diseases. In addition to the classical pathway, which depends on IKK2 function, an alternative pathway of NF-κB activation exists. This pathway is activated by certain members of the TNF superfamily (e.g., CD40 ligand, lymphotoxin-β, and B cell-activating factor of the TNF family) and LPS and involves the upstream kinase NF-κB-inducing kinase, which predominantly activates IKK1 independently of NEMO and IKK2. IKK1 phosphorylates the p100 precursor protein and induces processing to p52. This results in the nuclear translocation of RelB/p52 dimers, which activate a specific set of genes involved in B cell development and lymphoid organogenesis (5) .
Acute pancreatitis is initiated in the acinar cells and is characterized by local pancreatic inflammation with recruitment of leukocytes. Several lines of evidence from experimental models suggest that premature activation of trypsinogen represents a critical initiating event that leads to acinar cell damage, tissue destruction, and self digestion of the organ (6, 7) . The disease is frequently a mild, self-limiting, edematous pancreatitis. However, severe pancreatitis is characterized by high mortality as a result of the uncontrolled systemic inflammatory response syndrome (SIRS) and multiple organ failure. Although the molecular mechanisms of the pathophysiology are not completely understood, data from experimental pancreatitis models strongly imply that the release of proinflammatory mediators by acinar cells and the recruitment of immune cells are crucial events in the induction of SIRS (8) . The relationship between the pancreatic injury and this uncontrolled systemic inflammation remains poorly understood.
The pathophysiology of acute pancreatitis was studied extensively with different animal models such as that of secretagogue hyperstimulation (cerulein model) and several duct ligation models as well as that induced by dibutyltin dichloride (DBTC) (9) (10) (11) (12) (13) . The cerulein model serves as a paradigm for the initiating event of acute edematous pancreatitis and represents the best-characterized model of the disease to date. It is currently accepted that changes in local Ca 2+ signaling, intracellular activation of trypsinogen, and disruption of cellular integrity are the initial events in this model (6) . At the molecular basis this is accompanied by activation of the NF-κB signaling cascade and release of proinflammatory signals (14) .
The local inflammation of the pancreas is associated with the production of proinflammatory chemokines and cytokines such as MCP-1, TNF-α, IL-1β, and IL-6 as well as of adhesion molecules such as ICAM-1. Mounting evidence suggests that acinar cells are capable to synthesize at least a subset of these proinflammatory factors (15) (16) (17) . In addition, invading immune cells contribute to the local increase of proinflammatory cytokines. Evidence from experimental models using genetically modified animals suggests that blocking the TNF-α and IL-1β signaling cascades ameliorates pancreatitis (18) . The major difficulty in the interpretation of these findings is the open question of the cellular source of the proinflammatory signals and the pathophysiological consequences of the local increase of these factors. The NF-κB-controlled expression of various proinflammatory mediators (e.g., TNFA, IL1B, and ICAM1) strongly argues for a central role of this transcription factor in the regulation of inflammatory processes during acute pancreatitis (14) . However, the specific role of NF-κB in acute pancreatitis remains the subject of debate. Conflicting findings using pharmacological inhibitors of the NF-κB signaling cascade and ectopic pancreatic NF-κB activation were reported (19, 20) . Therefore, it remains to be determined whether the activation of the IKK/NF-κB pathway initiates a protective program or promotes inflammation and tissue damage in experimental pancreatitis. Addressing this issue requires the ability to specifically and efficiently modulate NF-κB activity in animal models of pancreatitis. In a previous study we examined the role of the IKK/NF-κB system in pancreatitis using a transgenic animal model based on the tetracycline-driven expression of constitutively active IKK2 (IKK2-CA) (21) . This system allowed moderate IKK2 activation under the control of the CMV promoter and resulted in the infiltration of immune cells in the pancreas. In this model, we observed increased pancreatic tissue damage when the cerulein model of pancreatitis was applied, suggesting deleterious effects of elevated IKK2 activity. These findings prompted us to analyze the function of IKK2 activation in the course of pancreatitis in more detail.
In the current study we describe the generation of mouse models, which we believe to be novel, that allowed the highly efficient conditional activation and the suppression of IKK activity selectively in
Figure 1
Mouse model for conditional regulation of IKK activity in pancreatic acinar cells. (A) Transgenic approach for Doxregulated expression of IKK2-CA and IKK2-DN in the exocrine pancreas. The Ela promoter (Ela.P) controls the expression of rtTA. In the presence of Dox the rtTA protein binds to the bidirectional promoter (tetO) 7 acinar cells of the pancreas. We provide evidence that ectopic IKK2 activation induced acute pancreatitis, whereas repression of IKK activity attenuated cerulein-mediated pancreatitis. Increased expression of TNF-α was found to be critical for the onset of IKK2-CAinduced pancreatitis.
Results

Conditional deregulation of IKK activity in pancreatic acinar cells.
We addressed the role of the IKK/NF-κB signaling pathway in acute pancreatitis in vivo using a tetracycline-inducible system. This strategy allowed for the conditional regulation of IKK2 activity selectively in acinar cells of adult mice. We generated transgenic mice expressing the reverse tetracycline-responsive transactivator (rtTA) under the control of the proximal rat elastase (Ela) promoter (Ela.rtTA mice; Figure 1A ). These mice were crossed to transgenic mice carrying either the luciferase-(tetO) 7 -IKK2-CA or the luciferase-(tetO) 7 -dominant-negative IKK2 [luciferase-(tetO) 7 -IKK2-DN] transgene cassettes (22) . In double-transgenic Ela.rtTA×IKK2-CA and Ela.rtTA×IKK2-DN mice the transcription of IKK2-CA or IKK2-DN together with the luciferase reporter gene was induced in the presence of doxycycline (Dox; Figure 1A) . A clear advantage of this approach was that differentiation of acinar cells was completely normal while IKK2 activity was specifically modulated in adult mice.
Analysis of double-transgenic Ela.rtTA×IKK2-DN mice and littermate controls indicated a strong induction of the reporter gene after i.p. injection of Dox (100 mg/kg body wt). This parenteral induction resulted in overall increased and more reproducible transgene expression compared with the conventional administration of Dox in the drinking water (data not shown). Expression of the transgene reporter luciferase was specifically detected in pancreas extracts of Ela.rtTA×IKK2-DN mice after induction by Dox, but not in a series of 20 nonpancreatic tissues tested and not in the absence of Dox ( Figure 1B and data not shown). Although absolute expression levels differed between individual mice by as much as 5-fold, luciferase values in all Dox-induced Ela.rtTA×IKK2-DN mice were at least 1,000-fold that of the background level. Singletransgenic IKK2-DN mice showed baseline luciferase activity before and after i.p. Dox application. In the absence of induction by Dox, luciferase values in the pancreata of Ela.rtTA×IKK2-DN mice likewise were essentially at baseline levels.
The expression of the transgene reporter was further analyzed by in vivo imaging of luciferase bioluminescence ( Figure 1C ). Luciferase activity was exclusively detected in the pancreatic regions of double-transgenic Ela.rtTA×IKK2-DN mice but not in other organs (e.g., thymus, heart, brain, or muscle) upon luciferin administration. This expression of the luciferase reporter gene suggests a high expression of the IKK2-DN transgene at the protein level. Figure 1D shows Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI30876DS1; and data not shown).
Expression of IKK2-DN attenuates the phenotype of cerulein-induced pancreatitis in vivo.
Having demonstrated the ability to block IKK2 activity by IKK2-DN in pancreatic acini, we next sought to determine whether IKK2-DN expression would affect ceruleininduced pancreatitis. Therefore, we induced acute edematous pancreatitis with supramaximal doses of cerulein. Dox was injected 24 hours prior to the first cerulein injection to induce IKK2-DN expression ( Figure 2A ). In most experiments we used single-transgenic IKK2-DN mice to control for any effect of Dox treatment on the course of cerulein-induced pancreatitis. However, we also performed control experiments with Ela.rtTA×IKK2-DN mice not treated with Dox. These mice developed the same level of cerulein-induced acute pancreatitis as did single-transgenic IKK2-DN or wild-type mice. This further corroborates the tightness of the conditional gene expression system used (see Supplemental Figure 1 , A and B). Single-transgenic IKK2-DN control mice developed morphological changes such as edema, infiltration of white blood cells, and tissue necrosis ( Figure 2B ). Consistent with earlier reports (14, 19) , the leukocyte infiltrate primarily consisted of neutrophils. In addition, serum lipase levels dramatically increased ( Figure 2C ). This pathology is characteristic for the cerulein model of acute pancreatitis. In contrast, cerulein pancreatitis was ameliorated in the majority of Ela.rtTA×IKK2-DN mice. These mice showed much less affected morphology ( Figure 2B ), reduced serum lipase levels ( Figure 2C ), and an improved histology score ( Figure 2D ). Importantly, we found an excellent correlation of the transgene expression levelsas evaluated by luciferase activity (data not shown) and IKK2-DN Western blot analysis ( Figure 2E ) -with the reduction of the pancreatitis phenotype. Mice with robust IKK2-DN expression were virtually completely protected from cerulein pancreatitis, whereas mice expressing low IKK2-DN levels still developed residual disease. In summary, our data indicate that inhibition of the IKK2/NF-κB signaling pathway protects animals from the characteristic tissue damage associated with the edematous pancreatitis induced by supramaximal stimulation with cerulein.
Expression of IKK2-CA induces a pancreatitis-like phenotype in vivo. Based on the findings described above, we next evaluated the effect of constitutive activation of the IKK2/NF-κB signaling pathway in double-transgenic Ela.rtTA×IKK2-CA mice in vivo. We wondered whether activation of this pathway exclusively in resident acinar cells would result in a pathological phenotype. As observed in Ela.rtTA×IKK2-DN mice, the Ela.rtTA×IKK2-CA mice showed highly inducible IKK2-CA expression only after Dox treatment (Supplemental Figure 2 and data not shown). Both the background expression levels and the levels of Dox induction were very similar to those seen with the IKK2-DN transgene. Injection of Dox caused rapid and sustained expression of the IKK2-CA protein ( Figure 3A) . After a single Dox injection, induction was evident at 6 hours, reached maximum levels at 18 hours, and lasted for more than 48 hours ( Figure 3A ). Kinase activity assays using glutathione-S-transferase-IκBα (GST-IκBα) as a substrate demonstrated the function of the active IKK2 kinase ( Figure 3B ). We further confirmed the acinar cell-specific expression with immune complex kinase assays of isolated acini from Ela.rtTA×IKK2-CA mice treated in vitro with doxycycline ( Figure 3C ). Increased kinase activity was evident 3 hours after Dox treatment in vitro and further increased up to the 5-hour time point ( Figure 3C ). Furthermore, Western blot analysis showed time-dependent upregulation of NF-κB targets such as RelB, indicating that active IKK2 induces the NF-κB signaling pathway in vivo ( Figure 3A) . The expression of the NF-κB subunits p50 and RelA was not affected by IKK2-CA ( Figure 3A ). EMSA assays with nuclear extracts from isolated acini of mice treated with Dox in vivo demonstrated IKK2-CA-induced NF-κB activity ( Figure 3D ). Immunohistochemical staining for IKK2 confirmed that expression of the transgene was restricted to acinar cells ( Figure 3 , E and F). A patchy expression pattern was noted, indicating that inducible transgene expression is not homogeneous.
Activation of the IKK2/NF-κB signaling pathway by a single Dox injection resulted in massive tissue damage closely resembling the acute edematous pancreatitis observed in the cerulein model. We found an intralobular tissue edema 6 hours after Dox injection ( Figure 4B ). This phenotype resembled the changes observed 6 hours after induction of acute pancreatitis with cerulein (see Figure 2B ). At 18 hours after Dox injection, tissue infiltration with mononuclear cells, predominantly granulocytes, was evident, and 24 hours after Dox injection, we found the first signs of tissue necrosis ( Figure 4C and data not shown). These changes were not observed in untreated Ela.rtTA×IKK2-CA littermates, in Dox-injected single-transgenic IKK2-CA littermates, or in Ela. rtTA×IKK2-DN mice, excluding toxic effects of the injection itself ( Figure 4A and data not shown). Serum lipase levels increased in Ela.rtTA×IKK2-CA mice over time; however, these levels did not reach the peak values observed in the cerulein model (compare Figure 4M with Figure 2C ).
Evaluation of double-transgenic Ela.rtTA×IKK2-CA mice over time showed progressive destruction of the pancreas. Widespread tissue necrosis was observed 48 hours after induction by Dox ( Figure 4D ), and increased deposits of eosinophilic material were evident 68 and 96 hours after Dox injection ( Figure 4 , E and F), which suggested increased fibrosis. Accumulation of extracellular matrix was confirmed with Masson-Goldner connective tissue stain. Single-transgenic IKK2-CA mice ( Figure 4I ) showed sparse connective tissue in close proximity to ducts and vessels. A massive accumulation of extracellular matrix was evident 96 hours after Dox treatment ( Figure 4J ). We also analyzed the fibrosis sequence by immunohistochemistry, which revealed a strong increase in α-smooth muscle actin, collagen I, and fibronectin staining 48 and 96 hours after a single Dox injection into Ela.rtTA×IKK2-CA mice (Supplemental Figure 3 and data not shown). Together these findings indicate severe tissue inflammation and destruction in Ela.rtTA×IKK2-CA mice resembling models of acute pancreatitis such as cerulein-induced pancreatitis. However, our model additionally induces massive fibrosis, which is not typically seen in the cerulein model of pancreatitis. Interestingly, morphologically normal areas of acinar cells reappeared within the heavily damaged organ 96 hours after induction by Dox. About 14 days after induction, regeneration of the acinar cells was evident; however, these acini were still surrounded with marked deposits of extracellular matrix, as assessed by H&E and Masson-Goldner staining ( Figure 4 , G and K) as well as immunohistochemical staining for extracellular matrix proteins (Supplemental Figure 3) . Regeneration was completed 3 weeks after the single Dox injection ( Figure 4H ).
However, a slight increase of connective tissue was still evident, as assessed by Masson-Goldner staining ( Figure 4L) . Expression of the IKK2-CA transgene was investigated in parallel to these morphological changes ( Figure 4N ). Substantial levels of IKK2-CA protein were detected up to 68 hours after induction by Dox, which was the time point of the most severe tissue damage ( Figure 4E ). At 96 hours after induction, IKK2-CA protein levels almost returned to baseline; however, it took 2-3 weeks in the absence of the IKK2-CA protein for the tissue damage to regenerate. Together, these findings demonstrate that expression of active IKK2 in acinar cells suffices to induce acute experimental pancreatitis.
Trypsin activation is independent of IKK2-DN and IKK2-CA expression in isolated acini in vitro. According to our current understanding, changes in the local calcium signaling and activation of trypsin are initiating steps of acute pancreatitis induced by supramaximal cerulein stimulation. To evaluate whether these initiating steps are impaired in Ela.rtTA×IKK2-CA mice, isolated acini were subject to supramaximal cerulein stimulation in vitro, and trypsin activation was analyzed. Double-transgenic Ela.rtTA×IKK2-CA and Ela.rtTA×IKK2-DN mice and littermate controls were injected with Dox either 24 hours (Ela.rtTA×IKK2-DN) or 12 hours (Ela.rtTA×IKK2-CA) before isolation of acini. After loading of freshly isolated acini with a trypsin-sensitive, rhodamine-coupled substrate, cells were incubated with supramaximal cerulein concentrations and monitored with high-resolution time-lapse fluorescence microscopy. Without addition of cerulein, no trypsin activation was evident over an incubation period of up to 30 minutes regardless of genotype (data not shown). Incubation with supramaximal concentrations of cerulein in vitro resulted in rapid cleavage of the trypsin substrate starting at the apical pole in acini isolated from littermate controls (data not shown). Quantitative analysis of trypsin activation in the region of interest is depicted in Figure 5 . Comparable increases in kinetics and fluorescence intensity at the apical pole were observed in acini isolated from Ela.rtTA×IKK2-DN and Ela.rtTA×IKK2-CA mice, with no statistically significant differences. This indicates that the initiating steps in supramaximal cerulein stimulation are not dependent or otherwise influenced by IKK2-dependent NF-κB activation.
Expression of IKK2-CA induces expression of TNF-α. To determine the factors that mediate the inflammatory phenotype of Ela.rtTA×IKK2-CA mice after induction by Dox, we analyzed expression levels of several cytokines, chemokines, and inflammation markers by RT-PCR. Analysis was performed from 6 to 18 hours after Dox injection to exclude a major influence of the later appearance of inflammatory cells. We observed that granulocyte infiltration was evident 18 hours after induction ( Figure 4C ). Expression of iNOS, which served as a marker for the presence of infiltrating leukocytes, strongly increased at 12 and 18 hours after Dox injection ( Figure 6F) . Expression of Nfkbia, a transcriptional target of NF-κB, was upregulated in Ela.rtTA×IKK2-CA mice compared with singletransgenic IKK2-CA controls starting 6 hours after Dox injection; expression levels increased 4-to 5-fold compared with singletransgenic IKK2-CA controls after 12 and 18 hours ( Figure 6A) . Similarly, Icam1 expression was dramatically induced in the Ela.rtTA×IKK2-CA mice 12 and 18 hours after Dox injection ( Figure 6B ). In contrast, we did not observe a major upregulation of Mcp1 expression in our model: an approximately 2-fold increase was observed 6 hours after induction. (Figure 6C ). The mRNA expression of Il1b increased predominantly at 18 hours after Dox injection, representing a late event in terms of the inflammatory
Figure 5
Activation of trypsin in acini is independent of IKK2-DN and IKK2-CA expression. Differential interference contrast and rhodamine-110 fluorescence images were collected throughout the equilibration period of isolated acini from wild-type, Ela.rtTA×IKK2-DN, and Ela.rtTAxIKK2-CA mice and after stimulation with supramaximal cerulein in vitro. Shown is quantitative evaluation of the relative fluorescence increase at the apical pole of at least 8 measurements for each genotype. Differences were not significant at 10, 20, and 30 minutes.
response observed in the model ( Figure 6D ). Interestingly, Tnfa levels were markedly upregulated as early as 6 hours after induction ( Figure 6E ). At this stage we did not observe major tissue damage or infiltration of leukocytes (see Supplemental Figure 3) . In order to demonstrate that acinar cells produce TNF-α in response to IKK2-CA expression, we performed immunohistochemical staining for TNF-α ( Figure 6 , G-M). At the 6-hour time point, patchy expression of TNF-α was evident in acinar cells ( Figure 6, G and H) . Consistent with the RT-PCR data, expression in acinar cells increased at 12, 18, and 48 hours after Dox treatment (Figure 6 , I, J, K, and M). Increased TNF-α levels were still evident after 96 hours, although the expression began to decline ( Figure 6L ). In addition to TNF-α expression in acinar cells, TNF-α-positive leukocytes were also detected from 18 to 96 hours after Dox injection ( Figure 6 , J-L). This coexpression of TNF-α in both acinar cells and invading granulocytes was clearly evident in the higher-magnification image taken 48 hours after Dox injection ( Figure 6M) .
Inhibition of TNF-α ameliorates pancreatitis in IKK2-CA mice in vivo.
It is well established that Tnfa is a target gene of the IKK2/NF-κB signaling pathway. In order to determine whether the induced TNF-α expression immediately contributed to the pancreatitis phenotype observed in our mouse model, we blocked TNF-α action by treatment of the mice with etanercept, a soluble TNF receptor derivative. Double-transgenic Ela.rtTA×IKK2-CA mice were pretreated with etanercept 24 hours prior to Dox injection ( Figure 7A ). Etanercept treatment did not influence the protein expression level of IKK2-CA, as shown by Western blot analysis ( Figure 7B ). Etanercept alone had no effect on the morphology of pancreatic sections stained with H&E ( Figure 7C ). Single-transgenic IKK2-CA mice and untreated Ela.rtTA×IKK2-CA mice did not show the obvious phenotype described above ( Figure 7D and data not shown). However, etanercept pretreatment ( Figure 7F ) almost completely abolished the pancreatitis phenotype observed 24 hours after induction by Dox in Ela.rtTA×IKK2-CA mice ( Figure 7E ). This finding was further confirmed in quantitative scoring of the histological changes observed ( Figure 7G ). In summary, these data suggest that IKK2-CA-induced expression of TNF-α in acinar cells is a critical mediator in this model of pancreatitis.
Discussion
Our current understanding is that acute pancreatitis is the result of improper activation and release of active pancreatic enzymes to the interstitium followed by self digestion of the pancreas. This can result in multiple organ dysfunction caused by systemic inflammation. The underlying mechanisms of this complex disease are not well understood. However, most researchers agree that acute pancreatitis is initiated in the acinar cells and that the systemic organ failure is a consequence of synthesis and release of proinflammatory cytokines and chemokines caused by local acinar cell damage (6, 7). Here we established a conditional system for acinar cell-specific modulation of IKK2 activity. This model allowed us to systematically evaluate and manipulate immanent acinar cell signaling pathways and shed light on the initial events of acute pancreatitis. We were further able to dissect local events and investigate the systemic responses responsible for the morbidity and mortality of severe acute pancreatitis.
We had previously demonstrated that conditional expression of the IKK2-CA allele under the control of CMV-driven rtTA, which is also predominantly expressed in the pancreas, aggravates cerulein-induced pancreatitis (21) . This result is in perfect agreement with our new findings, yet the new mouse models clearly advance the previous study substantially. The model described in the current study provides several major advantages compared with the previous model. The CMV.rtTA-driven mouse does not show the extremely high acinar cell specificity of transgene expression. As a consequence, some contribution of IKK2 activation in other cell types like leukocytes could not be excluded. Additional major differences are expression levels and kinetics of induction. In the CMV.rtTA×IKK2-CA model, transgene expression was induced by addition of Dox to the drinking water. This resulted in a gradual increase of IKK2 expression over several days. Absolute levels of expression were markedly lower than the ones we achieved in the Ela.rtTA model with i.p. Dox injection, as assessed by luciferase values and intensity of signals in Western immunoblots (data not shown). This increased dynamic response resulted in a much more severe phenotype, namely, the induction of a complete pancreati- tis/fibrosis pathology with a single Dox injection. In addition, transgenic IKK2-DN expression levels were high enough to essentially block the endogenous IKK2 signaling pathway. This allowed us to elucidate the essential role of NF-κB activation in the cerulein-induced model of acute pancreatitis.
The combination of the Dox-responsive system under control of the proximal Ela with the well-characterized IKK2-DN and IKK2-CA allowed for highly efficient temporal and spatial modulation of the NF-κB pathway in vivo. We did not observe substantial expression of either transgene outside the pancreatic acini. This approach ensured that development and differentiation of the pancreas was completely unaffected. Only after Dox administration was signaling in mature acinar cells affected. Several biochemical analyses in our study showed that, as expected, inhibition or activation of the NF-κB signaling pathway was selectively achieved in acinar cells.
The inducible overexpression of IKK2-DN by itself had no measurable consequences for acinar cell physiology in the time frame analyzed. However, it largely attenuated cerulein-induced IKK2 kinase activity in vitro and ameliorated the course of acute, cerulein-induced edematous pancreatitis in vivo. Earlier experiments using pharmacological inhibitors of NF-κB showed downregulation of chemokine expression and an attenuation of acute, cerulein-induced pancreatitis in vivo (16, (23) (24) (25) . However, conflicting results were found with the use of pharmacological inhibitors of NF-κB in the cerulein model. Steinle and coworkers observed increased severity of acute pancreatitis using pyrrolidine dithiocarbamate and N-acetyl-L-cysteine as NF-κB inhibitors (19) . The major drawbacks of studies with pharmacological inhibitors are obviously (a) the lack of cell type specificity; (b) the inhibition of a broader range of targets; and (c) the possibility of toxic effects. Indeed, the specificity of the inhibitors used with respect to the IKK/NF-κB pathway is questionable. More recent findings in NF-κB1-deficient mice also suggested an attenuation of cerulein-induced pancreatitis (26) . However, the use of conventional knockout in this study does not enable the discrimination of local and systemic effects. It also does not identify the cell type in the pancreas, in which NF-κB is critically active. The advantage of the tetracycline system applied in our study is the conditional temporal and spatial inactivation of NF-κB during the course of cerulein pancreatitis. This controlled expression of IKK2-DN indicates that the observed amelioration of pancreatitis is specifically a result of decreased NF-κB signaling in acinar cells, because the NF-κB pathway in nonacinar cells is not immediately affected in the model. However, the effects on inhibition of pancreatitis showed a certain level of variation. The most likely explanations for this variability are the patchy, nonhomogenous expression levels and differences in absolute expression levels between individual animals. Not all acinar cells showed induction of IKK2 expression ( Figure 3E) ; furthermore, we observed variability in the levels of IKK2 and luciferase expression between individual mice. With respect to the latter, there was a striking correlation between transgene expression level and the extent of protection from acute pancreatitis. This suggests that incomplete suppression of IKK2 activity by the transgenic protein was responsible for the residual pancreatitis observed in some of the mice.
An alternative explanation for the incomplete protection from pancreatitis is that even with complete suppression of the NF-κB signaling pathway via the dominant-negative IKK2-DN kinase, a mild edematous pancreatitis is induced through hyperstimulation with cerulein. We showed that hyperstimulation with cerulein induced acinar trypsin activation even when IKK2 activity was blocked by expression of the dominant-negative kinase. Our results are consistent with an earlier report showing that adenovirus-mediated expression of IκBα in acinar cells did not affect either basal or cholecystokinin-mediated (CCK-mediated) trypsinogen activation (27) . Activation of trypsin might result in some degree of tissue damage; however, the local inflammation was largely suppressed. Trypsinogen activation by supramaximal doses of cerulein was previously shown to be a prerequisite for IKK-dependent NF-κB activation (28) . Together these findings suggest that trypsin activation is an upstream event in pancreatitis induction in the cerulein model. This is further supported by the regular trypsin activation in acini isolated from IKK2 kinaseactive mice found in our study.
The open question is the link between early cellular events (e.g., trypsin activation), activation of the NF-κB signaling pathway, and systemic inflammation and how our experimental findings apply to the clinical situation in patients. Our data question the concept of self digestion as the culprit for acute pancreatitis. This common and widely accepted theory suggests that pancreatitis develops as a consequence of acinar injury or disruption, which permits the leakage of pancreatic enzymes such as active trypsin into the pancreatic tissue. These activated proteases in turn break down tissue and cell membranes, causing edema, vascular damage, and necrosis (29) . Major experimental support for this concept came from in vitro and in vivo experiments based on supramaximal stimulation with CCK or cerulein. Furthermore, the discovery of mutations in the cationic trypsinogen gene that render patients more susceptible to acute and chronic pancreatitis illustrated the importance of this pathway (30) . However, these mutations -or mutations affecting the inactivation of trypsin, such as the SPINK1 mutation -only apply to a minority of patients with acute pancreatitis (31) . Despite the huge impact of the cerulein model on the discovery of major cellular events, it is unclear whether this model reflects the situation of acute pancreatitis in vivo.
Most cases of acute pancreatitis in patients are the result of alcohol consumption and obstructive bile stones. These inducers are poorly reflected in the current animal models of acute pancreatitis. Interestingly enough, several reports demonstrated that alcohol causes acinar cell NF-κB induction (32) (33) (34) . The fact that activation of IKK2-CA was sufficient to induce edema and tissue necrosis indicates that acute pancreatitis can develop as a consequence of activation of cell-immanent signaling pathways in the absence of trypsin activation. Early signs in terms of edema were evident 6 hours after induction of IKK2-CA expression. Importantly, some aspects of this IKK2-induced pancreatitis are in fact more severe than in the cerulein model. Fibrosis is not a hallmark of ceruleininduced edematous pancreatitis. Furthermore, the tissue necrosis in IKK2-CA mice exceeds the tissue damage evident in ceruleininduced pancreatitis. Finally, the extended time period (96 hours) attests to the more severe phenotype of IKK2-CA mice.
Thus, the predominant role of trypsinogen activation in the cerulein model is the initiation of IKK/NF-κB activation, which does not necessarily contribute to the progression of acute pancreatitis and the degree of pancreatic acinar cell damage. Similarly, adenoviral expression of the active p65 NF-κB subunit in acinar cells results in the induction of severe pancreatitis (20) , which was also independent of trypsin activation. However, adenovirus infection represents an additional potentially inflammatory stimulus to the cells in the pancreas and is not specific for acinar cells. Here we showed that the sole expression of active IKK2-CA selectively in acinar cells was sufficient to induce pancreatitis.
But what links pancreatic injury to uncontrolled systemic inflammation, the major cause of morbidity and mortality of acute pancreatitis? Although we cannot conclusively answer this question, our data hint at a potential mechanism. We had previously shown that moderate IKK2 activation in the pancreas induces infiltration of mononuclear cells via the induction of proinflammatory cytokines (21) . This system differs from the current experimental design in terms of the cellular context of IKK2-CA expression and its expression level. Strong and selective induction of IKK2, as achieved in the current report, resulted in rapid and stronger upregulation of the proinflammatory cytokine TNF-α. This increased Tnfa expression occurred prior to the invasion of inflammatory cells in acinar cells, as assessed by histological and immunohistochemical analyses and iNOS expression. This is consistent with earlier reports demonstrating the critical role of NF-κB in CCK/cerulein-induced expression of chemokines and proinflammatory cytokines (26, 35) . In contrast, upregulation of Il1b was a late event, indicating that this cytokine is a response to the invading leukocytes or is produced by these cells. Furthermore, the upregulation of Icam1 12 hours after Dox injection is a consistent finding in experimental pancreatitis (36) . In ICAM-1-deficient mice, reduced severity of cerulein-induced pancreatitis has previously been reported (37) .
The role of TNF-α, a proinflammatory cytokine, is well recognized in experimental pancreatitis models (15, (38) (39) (40) . TNF-α receptor-deficient mice develop less severe pancreatitis in response to cerulein hyperstimulation (ref. 18 and data not shown). Consistent with these results, we ameliorated IKK2-CAinduced pancreatitis at early stages by the injection of the TNF-α inhibitor etanercept. However, this blocking was not complete at later stages. One straightforward explanation for this effect is redundancy of ligands and receptors of the immune system. Indeed, targeting a single factor either in genetically modified animals or though pharmacological inhibition has not been proven sufficient to completely prevent the occurrence of pancreatic or distant organ injury (41) .
In conclusion, we have established a highly efficient model that allowed for temporal and spatial manipulation of the NF-κB signaling pathway in the pancreas. We provided strong evidence for the pivotal role of this signaling pathway for the induction of acute pancreatitis and demonstrated that transcriptional regulation of proinflammatory cytokines by NF-κB in acinar cells is apparently sufficient to induce all subsequent events, resulting in a massive pathology including edema, leukocyte infiltration, and tissue necrosis and finally causing fibrosis. To our knowledge, this is the first report demonstrating that mere activation of this signaling pathway in a certain cell type is sufficient to trigger a full-blown pathological response.
Methods
Generation of transgenic mice and treatments. The rat proximal Ela promoter fragment (0.2 kb) was released by restriction digestion with SalI and BamHI from plasmid E0.2hGH (carrying the proximal rat elastase promoter fused to a genomic fragment of the human growth hormone gene) (42) and subcloned into pBS(KS+) digested with SalI and BamHI. A BamHIXhoI fragment (in which BamHI was blunt ended) derived from this vector was cloned into pUHrT 61-1 previously cleaved with EcoRI-XhoI (in which EcoRI was blunt ended) in place of the cytomegalovirus promoter (43) . The resulting plasmid was designed as Ela-rtTA-M2. Cotransfection of AR42J with Ela-rtTA-M2 and the pBI-L tetracycline vector (Clontech) resulted in high luciferase expression in response to Dox. Transgenic mice were generated by microinjection of pronuclei (MNRI outbred) with HindIII-PvuI fragment released from the Ela-rtTA-M2 vector following standard procedures. Seven transgenic founder mice (lines 1-7) were identified by PCR of genomic tail DNA as described previously (44) . These founder mice were crossed to luciferase-(tetO)7-IKK2-DN indicator mice carrying the luciferase gene and IKK2-DN under the control of a bidirectional tTA/rtTA-responsive promoter to characterize the tissue-specific expression of Ela.rtTA and the potential of rTA-controlled transcription. Double-transgenic Ela.rtTA×IKK2-DN mice were exposed to Dox in 1% sucrose supplied as drinking water for 1 week before luciferase activity was determined in various organs. The founder line Ela.rtTA-5 showing the highest luciferase activity in the pancreas upon Dox application was used in further studies. To achieve IKK2-CA and IKK2-DN expression in acinar cells of the pancreas, luciferase-(tetO)7-IKK2-CA and luciferase-(tetO)7-IKK2-DN mice (22) were crossed to the Ela.rtTA-5 line. Double-transgenic Ela.rtTA×IKK2-CA and Ela.rtTA×IKK2-DN mice were injected with Dox 100 mg/kg i.p. at different time points before analysis.
Secret analog-induced pancreatitis was achieved by hourly i.p. injection of cerulein at a total concentration of 100 μg/kg. Mice were sacrificed 6-18 hours after the first cerulein injection as described previously (19) .
The TNF-α inhibitor etanercept was administrated by i.p. injection (7 mg/kg) 24 hours prior to Dox treatment. Etanercept is a soluble fusion protein composed of the extracellular domain of the p75 TNF receptor attached to the Fc portion of IgG1 that acts as competitive inhibitor of TNF-α.
Ela.rtTA×IKK2-DN mice pretreated with Dox 24 hours prior to examination were injected i.p. with d-luciferin (100 mg/kg) for imaging of luciferase bioluminescence in vivo. Mice were placed into a light-tight chamber, and light emission was detected as photon counts (2 minutes' measurement beginning 10 minutes after luciferin injection) by an intensified charge-coupled device (ICCD) camera (Hamamatsu Aequoria System). Images were processed with the Wasabi software package (Hamamatsu Aequoria System). Mice without luciferin injection and Dox-untreated mice served as controls. All experiments were reviewed and approved by the Regierungspräsidium Tübingen.
Preparation of tissue specimens, histology, and immunohistochemistry. Mice were killed by either cervical dislocation or decapitation. Serum samples, tissue specimens for histology and immunostaining, and snap-frozen tissue for biochemical analysis were prepared following standard procedures. H&E-and Masson-Goldner trichrome-stained sections were evaluated in a blinded fashion by an observer familiar with pancreatic pathology for the presence of infiltrating leukocytes, edema, and acinar cell necrosis. Morphological alterations were graded for the degree of inflammation, necrosis, and edema using a scale of 0-4 as described previously (45) . The sum of the single features was used to build the histology score, resulting in a range of 0 (normal pancreas) through 12 (complete destruction of the pancreas).
Immunohistochemistry was performed with the ABC staining kit (Vector Laboratories) using anti-α-smooth muscle actin (Roche Diagnostics), anti-fibronectin (BIOMOL), anti-collagen I (Millipore), anti-TNF-α (Santa Cruz Biotechnology Inc.), anti-CD45-LCA (BD Biosciences -Pharmingen), anti-cytokeratin 8/18 (Progen Inc.), anti-mouse ki67 (Dako), and anti-IKK2 (Cell Signaling Technology Inc.) as primary antibody on paraffin sections as described previously (44) .
Protein extraction, Western immunoblotting, EMSA, and immune complex kinase assay. Tissue samples were homogenized under liquid nitrogen using a proper pestle and mortar. The resulting tissue powder was used to prepare total protein extracts by freeze-thaw lysis as follows. The homogenized tis-sue was resuspended in 3 packed volumes of buffer C (20 mM HEPES, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail, complete mini; Roche Diagnostics) and subjected to 3 cycles of freezing in liquid nitrogen and subsequent thawing on ice. After centrifugation, the supernatant was used as total protein extract and analyzed for luciferase activity. Specific luciferase activities were calculated as relative light units per microgram of protein.
For Western blotting, 50-100 μg protein extract was separated by SDS-PAGE, transferred onto PVDF membranes, probed with specific antibodies, and developed by enhanced chemiluminescence. The following antibodies, all from Santa Cruz Biotechnology Inc., were used: anti-RelA (catalog no. sc-372), anti-RelB (catalog no. sc-226), anti-p50/p105 (catalog no. sc-114X), anti-IKK α/β (catalog no. sc-7607), and anti-Erk2 (catalog no. sc-154). The preparation of cytoplasmic and nuclear extracts was performed on isolated acini. Acinar cells were washed twice in PBS and incubated for 15 minutes at 4°C in 5 packed cell volumes of buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM Kcl, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail, complete mini; Roche Diagnostics) supplemented with trypsin inhibitor. Swollen cells were then aspirated 10 times with a 26-gauge needle. Nuclei were pelleted and washed twice with buffer A. Nuclear proteins were extracted for 1 hour in 2 packed cell volumes of buffer C supplemented with trypsin inhibitor; after centrifugation, the supernatant was used as nuclear extract. The supernatant from the first nuclear spin was supplemented with 10% glycerol and centrifuged, and the resulting supernatant was used as cytoplasmic extract.
For EMSA, nuclear protein extracts (5 μg) were incubated for 20 minutes at room temperature with 3 μg poly dI/dC and 10 μg BSA in buffer containing 50 mM NaCl, 1 mM DTT, 10 mM Tris-HCl, 1 mM EDTA, 5% glycerol, and radiolabeled double-stranded oligonucleotides containing a consensus NF-κB site or Oct-specific site. The formed DNA-protein complexes were then separated from free oligonucleotides on a native 4% polyacrylamide gel. To control activation of NF-κB protein extracts from pheochromocytoma (PC12) cells treated with TNF-α (40 ng/ml final concentration, 30 minutes) were included in the EMSA experiments. PC12 cells were cultivated as described previously (46) . IKK kinase assays were essentially performed as described previously (46) . After lysing homogenized pancreatic tissue or isolated acini in Triton lysis buffer, immunoprecipitation was performed with 0.5 mg of cleared lysate using a mixture of equal parts IKK1/2-and NEMO-specific antibodies (0.4 μg each, catalog no. sc-7607 and sc-7330; Santa Cruz Biotechnology Inc.). Kinase reaction was performed in kinase buffer supplemented with 500 ng recombinant GST-IκBa substrate in the presence of 10 μCi p 32 -ATP for 30 minutes at room temperature. Reaction was stopped by boiling in Laemmli buffer at 95°C for 5 minutes. Immunoprecipitates were separated by SDS-PAGE and blotted to PVDF membranes. Activity was detected using Hyperfilm (Amersham Biosciences). Membranes were probed with a monoclonal NEMO-specific antibody (catalog no. 611307; BD Biosciences -Pharmingen) to analyze for equal loading.
Preparation of pancreatic acini and in vitro trypsin activation. Pancreatic acini were prepared after an overnight fast by collagenase digestion, and trypsin activity in intact, living acini was quantitated as previously reported (47) . In short, freshly prepared acini were suspended in HEPES-buffered medium, equilibrated for 30 minutes, loaded with the trypsin-sensitive dye (CBZ-IlePro-Arg)2-rhodamine-110 (10 mmol/l; Invitrogen) for 30 minutes, transferred to an incubation chamber at 37°C, stimulated with supramaximal doses of cerulein (10 nM) after an additional equilibration of 5 minutes, and subjected to time-lapse (frames every 30 seconds) high-resolution fluorescence microscopy for up to 45 minutes. Trypsin activation was quantitated as relative increase of the rhodamine-110 fluorescence in an area of interest over the apical pole of individual acinar cells. Figure 5 summarizes the mean of at least 8 experiments.
Isolation of RNA, reverse transcription, and real-time RT-PCR. Snap frozen pancreatic tissue was pulverized in liquid nitrogen and total RNA was extracted using the NucleoSpinKit (Machery-Nagel). First-strand cDNA was synthesized from 5 μg total RNA using oligo-dT primers (18 mer) and M-MLV reverse transcriptase (Promega). The method of real-time PCR quantification after reverse transcription of the mRNA has been described in detail (44) . Target mRNA level was normalized to the cyclophilin level and expressed as fold change compared with the wild-type control. Primer sequences for the amplification of Tnfa, Il1b, iNOS, Icam1, Mcp1, Nfkbia, and cyclophilin are provided in Supplemental Table 1 .
Statistics. Serum lipase levels, mRNA levels, histology scores, and relative increase in rhodamine-110 fluorescence were expressed as mean and SD. Differences were evaluated for statistical significance by the Mann-Whitney-Wilcoxon test. A P value less than 0.05 was considered significant.
